SCIENCE HIGHLIGHTS: Volcanoes and climate
Volcanic eruptions impact climate through the injection of large amounts of ash and sulfur gas into the atmosphere (Fig. 1a ). This gas is converted to sulfate aerosols, which reflect solar radiation in the stratosphere, decreasing the amount of solar radiation reaching the Earth's surface. The primary result is a cooling of the Earth's surface. Volcanic sulfate is mixed and transported within the stratosphere, and eventually travels downward into the troposphere, where it is finally deposited to the surface of the Earth. Sulfate deposition over the ice sheets is preserved in annually accumulating ice layers, allowing for reconstruction of the magnitude and timing of past volcanic events with the help of ice cores ( Fig. 1b-d et al. 2008) , although the limited number of ice cores used to derive the forcing in the early years of the data set limits the accuracy of the estimated forcing . The limited number of records currently included in volcanic forcing sets is explained by the time-intensive discrete measurement techniques that are often used to measure sulfate in ice. Newly developed state-of-theart analytical techniques allow for a variety of elements (including sulfur) and chemical species to be analyzed simultaneously in real time while slowly melting the ice on a heated melter plate (Mcconnell et al. 2014 ; Fig. 1d ). Further, the high measurement resolution of these analyses also allowed some ice cores from Antarctica with high annual snowfall rates to be dated by counting annual cycles in the impurity content of the snow and ice ).
We discuss the timing of volcanic eruptions and quantify atmospheric sulfate loading using an array of ice cores from Greenland and Antarctica. We demonstrate that throughout the Common Era volcanic activity was the main driver for abrupt summer cooling in Europe. 
A comprehensive array of ice cores from Antarctica
Methodological advances have enabled much more accurate reconstructions of the history of volcanic sulfate deposition in Antarctica over the last 2,000 years . This has become possible by combining a number of new ice core sulfate records with pre-existing ones to provide better sampling over Antarctica, important due to the high spatial variability in sulfate deposition. The number of longterm records reaching back approximately 2,000 years has therefore been significantly increased compared with past compilations and this has meant a composite deposition index could be based on a quasi-static ensemble size over the length of the record. Also, the new record benefits from an improved timescale and better synchronization of the different ice core records; consequences of the very high temporal sampling resolution of the newly drilled West Antarctic Ice Sheet Divide Ice core (WDc).
The new record of Antarctic sulfate deposition ) shows a number of improvements compared with previous reconstructions (crowley and Unterman 2013; Gao et al. 2008) . Firstly, the magnitude of a number of events is significantly adjusted, including a lessened estimate of the magnitude of the 1257 cE Samalas eruption. Secondly, the history of volcanism in the earliest centuries of the record is drastically altered, with updated dates and magnitudes of eruptions often differing greatly from prior estimates.
Revised ice-core chronologies
During the first millennium, inconsistencies were identified between the reconstructed timing of sulfate deposition on the ice-sheets and tree-ring records indicating widespread cooling. It was suggested that the ice-core chronologies were biased towards ages that were too old during that time, potentially caused by an incorrect link of the ice-core chronologies to the historic Vesuvian eruption in the year 79 cE (baillie and Anneny 2015). by using a multi-disciplinary approach that integrates state-of-the-art continuous ice core aerosol measurements, automated objective ice-core layer counting (Winstrup et al. 2012) , tephra and radioisotope (beryllium-10) analyses, and detailed examination of historical archives, we revised the ice-core chronologies for Greenland (NEEM-2011-S1) and Antarctica (WDc) and thus resolved these inconsistencies back into roman times (Sigl et al. 2015) . Other existing long-term sulfate records (e.g. those from NGrIP, GISP2, TUNU, DFS10, b40, NUS8-5) can be synchronized to the new timescales by matching their sulfate profiles (Fig. 2) . This way, robust estimates of the ice-sheet mean deposition can be achieved (yellow circles in Fig. 2 ), allowing volcanic forcing to be estimated.
Post-volcanic summer cooling
With these revised ice-core chronologies, major volcanic eruption dates are in agreement with tree-ring reconstructed cooling extremes that occurred in the immediate aftermath of large volcanic eruptions throughout the common Era (Fig. 2) 
